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ABSTRACT 



A description is given of some experiments in 
which binary coded information was transmtted 
over leased talk circuit telephone lines* The 
line characteristics and the piilse distortion 
caused by them are discussed, A system used 
to transmit binary digits at a bit rate apiprGXr- 
imately that of the carrier frequency is des- 
cribed. Some preliminary data on the character- 
istics of telephone line noise is given with 
some discussion, STJ5)ported by measurement, of 
the error rates involved in the transmission of 
binary digits. 
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SOME RESUIiTS ON THE TRANSMISSION OF PULSES OVER TELEPHONE LINES 



With the advent of large scale civil and ndlitaiy information 
handling systems^ and the likelihood that the connections between the 
elements of any infoiroation networks might well be land lines, it is 
important that these lines be used efficiently and reliably* The 
subject of the transmission of binary coded data over land lines is 
one of increasing iit|)ortance and interest and is the general subject 
of this p^er* 

The transmission of pulsed carriers over telephone lines is far 
from a new technique and has been eii5>loyed in teletype and facsimile 
transmission systems for some timeo The material which w i ll be pre- 
sented in this paper is related to the pulsed carrier techniques used 
in these systems ^ but is different in that much higher transmission 
rates with more efficient use of the available bandwidth is contemr 
plated o 

The paper is organized essentially in three parts s the first 
psact presents a discussion of sosie of the more iii^ortant transmission 
line characteristics that affect pulse transmission, a description of 
the kind of pulses transmitted, and some description of the kinds of 
noise encountered on these lines. The second part describes an ex*- 
periment which involved the transmission of binary coded information 
over a long closed loop and discusses the results of this e2q)eriment* 
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TRAMSKESSIOH CHARACTERISTIGS 

From the nessuured attenuation elmracterlsties of several lines ^ 
as shown in Figo 1^ it is evident that & telephone line is character- 
ized lay an increasing atten;Eiation helov 300 cycles and an increasing 
attenuation above about 2200 cycles such that the ratio of the tipper 
half power point of the transmission 1i>and to the lower half power 
point of the transmission band is only aibout ten to one* Under these 
conditions it is exceedingly difficult to trssismit oialy uni-directionol 
pulses and one must resort to the use of pulsed carriers » Because of 
the low tipper limits however^ one is forced to use a carrier which is 
Sftproximately the frequency of the pulse rate and hence one is forced 
into the situation where the pulse to be transmitted is represented by 
one to two loops of a sinusoidal carrier. For maxlimim transmission 
rate sbotxt one loop of the carrier is used and it is with these par^ 
ticular Idnds of pulses that the rest of this paper will be concerned* 
A typical pulse is shown in Fig» 2<i 

The case of single 3boops of a sinusoid may^ of course^ be justified 
in the classical way by a conqparison of the spectrum of a sinusoidal 
pulse and that of a unipolar pulse of the same duration with the avails 
able bandwidth en the telephone line« This is done in Fig* 5 and it is 
immediately apparent that considerably more of the pulse energy will be 
transmitted in the first case than in the second* 

Ifhen a grotp of these sinusoidal pulses j> such as are shown in 
Fig0 liAj are transmitted over a line the output of the line may be quite 
badly distorted as shown in Fig* ItB* The cause of these distortions is 
believed to be largely delay distortion at the tapper and lower ends of 
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Fig. 2. A typical sine wave loop as transmitted. 
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Fig.4A. Several transmitted 
sine wave loops. 



Fig.4B. Several received 
sine wave loops. 
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the band* It is infonnati've to examine some simple iinpulse responses 
on certain lines in order to e:]qplore the response characteristics of 
the various types of delay distortiono Fig. 5A and Fig. ^B show a 
siinple is^uLse and the response of about 300 ndles of K->carrier tele- 
phone line to this iinpulse* It will be observed that the iin{)ulse 
response is characterized by what is loosely called "high and low 
frequency ringing*** These two types of "ringing" may be isolated by 
removing from the iJiqpulse excitation all components above 1000 cycles , 
that is D all high frequency components* Under such conditions the 
output of the line is as shown in Fig* 69 and this is typical of the 
response of a circuit with low frequency delay distortion* It wiH 
be observed that the response starts with a high frequency oscillation 
which gradually becomes of longer period as it dainps out« It is 
apparent that this is very nearly identical with the theoretical 
ijrqpulse response of a circuit having a hyperbolic phase distortion 
as shown in Fig* TA^ that is^ of an all pass circuit having a phase 
characteristic given by 

^ CO 

It may be shown that the Fourier transform of 



fiO' 



(^-[■^J h{^^^) 



and hence the distortion term in the impulse response of our circuit 

1. Campbell and Foster^ Tables of Foiarier Integrals, Pair 65ii*3o 
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Fig.SA. Impulse impressed on line. 




Fig.SB. Impulse received from line. 




Fig. 6, Low frequency response of 
o line to on impulse. 
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■with ptcre low frequency delay distortion is 



" ' '^^ ^ Tjiiich is plotted in Fig* 7B. 
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It is obviotis from the phase charactisristic that the delay of the low 
frequency conponents is much greater than the high frequency coB5)onents 
and hence^ the highs arrive first as shown in the measured response o 

The reverse effect is observed when the iirpilse used to excite the 
line is caused to have only high frequency components | thus in Figo 8A 
all components below 2^000 cycles have been removed from the in^mlse and 
the response is as shown in Fig. 8B« This is a typical response of a 
circuit with high frequency delay distortion such that the low frequency 
conponents arrive first and the higher frequencies some time later,, A 

theoretical study of delay distortion at the high end of the pass band 

2 
has been made by DiToro and a calculated inpulse response for an all 

o 

.pass circuit having a phase characteristic of ^ » to) + (bto) , as given 
by hinij coirpared quite favorably with the measured response of Fig. 8B. 
When both kinds of distortion are present the conposite inpulse response 
is obtained^ Figure ^« 

The conclusion that we reach in all this is that the frequency 
©pectrum below ^00 cycles and above 2000 cycles on this particular line 
is not usable. The exact \5jper and lower cut-off frequencies certainly 
vary from line to line and are especially sensitive to line length| 
however 5 the numbers just given seem to be representative figures for 
the lines of moderate length which we have used* 



M<. Jo DiToro, Phase an d Amplitude Distortion in Linear Networks 
Proc. I.RoEo (January 19U8)o — — - - — — " " " " 
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Fig.SA. Impressed inpulse after 
removal of low frequency. 




Fig.SB. Response of line to 
above pulse. 
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Having concluded that the iisable bandwidth of the line lies between 
500 and 2000 cycles, it is Instaructive to present the line impTjlse re- 
sponse after shaping the in^ulses by a band pass filter extending from 
^00 to 2000 cycles* When one does thiSj, the output of the filter is as 
shown in Figo 9A and it will be noticed^, except for the overshoot dtie 
to the filter <s high skirt attenuation, the signal resembles our pre- 
viously chosen single loop of a sinusoid« The response, as shown in 
Fig» 9B, is relatively undistorted and has the same general character- 
istics of the filter output although some slight low frequency ringing 
is apparente 

The zneasured amplitude and phase characteristics of the line on 
which these laeasurements vere made is shown in Fig* 10 • The incre^ing 
delay distortion at the upper and lower ends of the band is quite 
s^paarent aaid it is this which, in our opinion, is primarily responsible 
for the restriction and determination of the usable bandwidth of the 
telephone line* 

CRITERIA FOR THE TRANSMISSION SYSTEM 



The preceding discussion has shown that the usable bandwidth lies 

between ^00 and 2000 cycles* Common usage has indicated that it is 

1 
desirable to transmit, if possible, with a bandwidth of Af « r 9 when 

f is cycles per second, and t is the duration of the pulse in seconds* 
This mode of operation renders the receiver's task more simple in de- 
tecting the difference between a pulse and a space, since the bandwidth 
is sufficient to provide adequate pulse definition* 
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Fig.9A. Impressed impulse after 
band pass filter. 



Fig.9B. Response of line to 
impulse. 
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Keeping in idnd the criteria for good pulse def initionj, one then 
weighs double sideband ys<, vestigial sideband transmission in the usable 
frequency band* For minimum pulse distortion^ double sideband trans- 
mission should be used« Examination of the available banderidth^ however^ 
shows that if double sideband transmission is used, the data rate is re- 
stricted to about 800 bits per second in order to satisfy the pulse 
definition requirements© If vestigial sideband transmission is used, 
the data rate can be raised to 1600 bits per second^, with little de- 
gradation of detail between alternate pulses* A penalty is paid^ however, 
in loss of sharpness at the leading edge of the first pulse and the 
trailing edge of the second pulse » This comes about because the so- 
cstLled quadrattire coiaponents which are generated when the upper side- 
bands are partially suppi^saed cancel midway between the pulses^ 

effecting good detail between pulses j but no cancellation occurs at 

3 
the leading and trailing edges, causing poor rise and fall timea., It 

may be shown, howeveri, that if the no-signal carrier level is not ssero, 
then the effect of the quadra/bure conqponents become less ii^ortanb, and 
satisfactory edge sharpness can be obtained giving peirformance nearly 
as good m the double sideband case» Since the vestigial sideband trans- 
mission is nlore economical on a bits-per^doHar basis^ we have been using 
a 2000 cps carrier synchronous with the data rate^ a maximum data rste 
of 1600 bits per second^, and some non-asero csarier in the absence of 
signal « 

In generalj) when transmitting pulse type data there are at least 
two kinds of data to conveyj the beginning of st word (a synch pulse) 
and bits in a word (data pulses) $ a word being some coherent arrangement 
of data pulses «. Timing may either be transmitted, or the synch pulse may 
be used at the receiving end to initiate operation of a start-stop oscil- 
lator or to lock in a continuously running local oscillator <» 

3» S» Goldman^ Frequency Analysis Modulation and Noise <> McGrasiP-Hill, 
PPo 96-98 
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In the system wider disciission the synch pulse is transmitted with 
twice the anqplitude of the data pulses^ and timing is also inserted as 
modtiLation on the carrier^ its anplitude being about l/lO thsct of the 
synch puLse* In accordance with the need for a next-zero carrier for the 
no-signal condition^ about 2$ percent carrier^ a valiie e3q)erimentally 
found to be optimam^ is also transmitted* 

Fig* H illustrates the modulated carrier before shaping* Since 
this signal contains components lying in those portions of the spectrum 
where serious phase distortion can exist ^ the signal is passed through 
an filter having a pass band like that shown in Fig. 12* It may be seen 
that the response is reasonably flat in the region between 700 and 2000 
cps, with a smooth «ioll off" below 700 cps and above 2000 cps. Care 
was takBn to restrict the rate of attenuation outside the pass band to 
avoid ringing caused by the filter itself* Fig* 13 shows a typical 
transmitted word after shaping on the ii^ut to the telephone line* 

The transmitted loops of sine wave could be detected directly at 
ths receiving end by means of slicers (an^litude selectors)* This 
direct approach is circujmrented on certain carrier type lines where the 
frequency of the transmitted signal is not kept intact* On these lines 
the transmitted signal is heterodyned to a high frequency by a local 
oscillator* The carrier and one set of sidebands is filtered out^ and 
the remaining sidebands sent to the receiving terminals where they are 
beat against a second oscillator whase f reqtiency is dose but not 
identical to that of the first local oscillator* A sinusoidal pulse 
received on this type of line shifts constantly in phase ^ rendering a 
£±XBd level amplitude detecting device inpractical* 
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Fig. 1 1 . Modulated carrier before shaping. 
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Fig. 13. Modulated carrier after shaping. 
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To obviate the effect of the frequency change experienced on these 
carrier types ^ envelope detection is usedo The signal is first fiill- 
waive rectified to recover the envelope and to raise the ripple frequency 
to a valxie well outside the h&se band frequency « The rectified sigpal then 
is fed to a low pass filter with cutoff at 1000 cps« Since the hi^est 
sinusoidal envelope frequency is 800 cps^ the envelope is recovered with 
little distortiona The detected waveform of the transmitted signal in 
Fig« 13 is shown in Fig. ih having traversed about 300 miles of cable 
and carrier line 6 The detected signal which reiaains fixed in aniplitude 
and phase j is then fed to two slicers where the synch and data pulses 
are separated according to their relative aiBplitudeSo 

¥oT the case where the carrier frequency is very naich higher than 
the width of the information band^ the theory of modoilated carriers is 
well establishedo In this case^ however j, where the carrier freqtiency 
is about equal to the information frequency^ soine limiting conditions 
occur which require investigation Principal among these is the rela'- 
tionship of the carrier phase to the modulation envelope — an effect 
which in conventional carrier systems is negligible or unimportant* 
Here the 2?atio of carrier frequency to bit rafee is only ^zk^ and it 
was f otind that» the receiving end had greater detection margin if a 
synchronous carrier was used. The need for carrier synchronization 
arises from the fact that the pulse spectrum derived from the switched 
carrier varies appreciably in shape depending on the time of carrier 
switching^ resulting in a variation of the shape and an^litude of the 
received pulse e When a synchronous carrier is used^ the number of phases 
at which the carrier can be switched is restricted to f our ^ of which two 
are mirror images of the other two aibout the baseline* 
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Fig.14. Detected signal after trans- 
mission over Circuit li. 




Fig. 15. Four possible carrier phases 
in transmitted signal . 




Fig. 16. Received pattern when a non- 
synchronous carricsr is transmitted . 
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Since full wave detection followed by smoothing is used at the 
receiving end, there is only a barely discemable difference when a 
detected pulse derived from one of the four carrier phases is compared 
to a puLse derived from another carrier phase* Fig* 1$ illustrates the 
four possible cairier phases in the transmitted signal, and Fig» ih 1b 
the received signal for this transmi.ssion* Fig. 16 shows the sams re- 
ceived digit configuration integrated over several sweeps whex^ a non- 
synchronous carrier was used in transmission* The changing pulse 
amplitude can be seen clearly in the blurred trace « 

NOISE EFFECT MEiBSUREMEMTS 

Broadly speaking^ observed noise on telephone lines oari be 
categorized into two types | bandwidth limited white noise and impulse 
noise* ^t normal operating levels (0 dhm referred to the synch ptslse) 
we ha:ve found impulse noise to be more troublesome* 

It will be recalled from the beginning of this discussion thait 
an iii$)ulse$ after being shaped by the line^ reseidbles very closely the 
form of a legitimate bit of datai* Consequently^ a noise in|nilse after 
being shaped by the transmission characteristics of the line may appear 
as a false bit of data^ or it may cancel a real bit of data depending 
on the phase and occurrence time of the isipulse* Fig* 17 illustrates 
the case of a noise inpulse appearing as a false bit^ and also shows 
cancellation of the carrier* 

To obtain soms measure of reliability of transmission in the 
presence of noisop a test was set vp on two closed loops whose ampli- 
tude characteristics are shofm as circuits 1 and 2 in Fig* 1* 
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Fig. 17. Noise pulse as false data bit; and noise pulse cancelling carrier. 
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Tb0 tests were conducted as follofrs; an arbitrary 31 bit word^ as 
illustrated in Fig* 13 was transmitted repeatedly. As may be seen, a 
iR»rd vas composed of a synch pislse (the larger pulse) followed by tbs 
data pulses containing the desired infozmation* Mlb the receiving end the 
information on the line wsas decoded to a puLse form, and eom|)ared bit by 
bit with the transmitted data* If a single bit in the word was in error^ 
i«e*9 if cos^arison showed that a bit was not identical with the trans- 
mitted bit in a given tine slot following the synch pulse^ then the 
entire word was considered in error* As a matter of interest, a single 
error detecting parity check was also used, i«e«, the sending end was 
arranged so that the number of transmitted pulses ws^ always even* By 
determining whether the receiving end saw an even or odd number of 
pulses in a word, one is thus provided with a partial means for de- 
tecting an errqsBsous word* The results of the test may be stDmoarized 
as follows s 

Circuit 1 Circuit 2. 
Words Transmitted/hr* 180,000 180,000 
Avg* Errors/W* 2.688 6*5 

A^g* Srrors Detected o'^qU '^ B 

by Parity/hr* * 

Undetected Srrors/hr* 3Qk 2*7 

It is immediately ^^arent from the above tabulation that a vast dis- 
parilgr in noise characteristics can exist on ysbAovs lines, giving either 
very good results as exemplified by Circuit 2 above, or very bad results 
as shofwn by Circuit 1« It should be noted, however, that the results 
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obtsdjoed from Girctdt 1 are ziot necessarily characteristic of telephone 
lines in general^ since the line used was selected for its nosiness to 
provide a ready sotarce of test data* From visual observation of trans- 
mission on msaa^ other lines ^ we estimate that the majority of lines 
would provide an error rate well within the order of magnitude exhibited 
by Circuit 2« 

It imm observed thsEb in most cases ^ the ispulse noise was much 
greater im as^litude thm the background noise* To get some measure of 
the aniplitude distribution of the inigptilse noise ^ an error rate measure- 
ment was laade while varying the overall ainplitude of the signal on the 
line* A single bit eriH^r detecting parity was used in this test also* 
The curves yielded by this test are of interest and are shown in Fig» 18* 

It may be seen from Curve A, a plot of enror rate vs« signal mp-^ 
litude, that the slope levels off rapidly* Since the curve is nearly 
flat at *6 dbm^) two conclusions maiy be draims (1) that a large part of 
the iiKpulse noise e^cceeds at least twice the data pulse amplitude ^ and 
(2) that an increase in signal level on the line over dbm would pro- 
vide little decrease in the error rate* Curve B is a plot of errors 
detected by parity vs* signal amplitude* Mote that this curve follows 
Curve A very closely in the large signal aa?)litude region^ but diverges 
in the small ioi^litude region* The isi^lication here is that for large 
signal operation the troublesome noise effects are caused mostly by 
single iapalseSj^ to which the parity is sensitive^ whereais when the 
signal approaches the level of the white noise^ the nature of the noise 
becomes more random^ cmising tsso digit errors as well as single digit 
errors « It should be eiqphasiaed that these results are based on tests 
m^Se on tm circuits and mm therefore saot conclusive* Tests ^^re being 
laade at the present time by representatives of the Bell system on a 
number of lines to corroborate or disprove the above results* 
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